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Outline

» Background

* Transverse single-spin asymmetries (TSSAs): a 40 year-old puzzle
* Collinear twist-3 factorization
» Transverse spin observables in ep collisions

* Motivation for analyzing them
* A specific example: A7y £ NT — 7 X

* A;rv,Ayurs A yr Spin asymmetries

» Summary and outlook
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Background
» TSSAs: a 40 year-old puzzle
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Data available from RHIC (BRAHMS, PHENIX, STAR),
FNAL (E704, E581), AGS, and ANL
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Background

» TSSAs: a 40 year-old puzzle

Plot from Aidala, Bass, Hasch, Mallot (2013)

[ e 1'[;

0.4} 0.4 0.4} + 0.4f

0.2} o® 0.2} R 0.2} oo 0.2} o ?
; o . e *. e

' | RN, .. A A Of--oooo-- Ror oo of---& . of---a 2 .

: B % A

-0.2} % 0.2} AA 0.2} A 0.2} A

0.4} ANL _0.4| BNL 3 _0.4| Fermilab ") % _04LBHIC A
 {5=4.9 GeV 15=6.6 GeV # 5=19.4 GeV ¥5=62.4 GeV

B T R 'd.é')'(F ~08505"04"0% 'd.é')'(F 000270406 08 XF 005050405 'd.é')'(F

1976 —— A do! — dot _ dop —dog
N —

do!’ +dol  dop + dog

Data available from RHIC (BRAHMS, PHENIX, STAR),
FNAL (E704, E581), AGS, and ANL
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Background
» TSSAs: a 40 year-old puzzle

RHIC, STAR (2012) RHIC, PHENIX (2014)
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> Collinear twist-3 factorization

do = H@fa/A(3)®fb/B(2)®DC/C(2) AC‘)"'E: C:XI ed
/ -une hadron | polarize
+ H ® fajae) @ Joysi) @ Dejc(2) (others U or L)
L H' % fa/A(Q) ® fb/B(2) ® De/o(3) -One large scale (P ;)
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> Collinear twist-3 factorization

do= H® fo/43) @ fo/B2) ® De/c2) A+B->C+X

-One hadron T polarized
+ H' @ faja@) @ fo/p3) © Dejo2) (others U or L)

L H' fa/A(Z) ® fb/B(Q) ® De/c(3) -One large scale (P, ;)
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> Collinear twist-3 factorization

do = H® f,/43) ® Jo/B2) @ Deyc(2) A+B->C+X
/ -One hadron T polarized
+ H//® faja@) ® Jo/Bi3) @ Dejo@) | others Uor D)
+ H" ® fa/A(Q) &) fb/B(Q) &) Dc/C(S) -One large scale (P, ;)
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> Collinear twist-3 factorization

do= H® fa/A(S) & fb/B(2) & Dc/C(Z) AC‘)*' E : C:- XI ed
, -One hadron T polarize
+ H ® fa,/A(2) & fb/B(S) ® Dc/C(Q) (others U or L)
+ H"® fa/A(Q) @ Joyp@) ® Dejo(s)  [One large scale (P

I \

*

|ntr|n5|c and kinematical twist- 3 functlons

’ \
FF 4 M

/ \
| |
| N e | ;:;;
dynamical twist-3 functions
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PDF (x) PDF (x,I X;)
Hadron gu . @x
Pol. | ] :
l intrinsic | kinematical dynamical
U & hi_(l) Hpy
hi Y (z) ~ Hpy (o, z)

1(1

L hr h11§ ) Hrpy,
1(1)

T | gr 111)’ Frr,Grr
NT | 20 (1) & For (e, o)




'« 3 PennState . m
G " D. Pitonyak O;I-” . P
ollaporarton

PDF (x) PDF (x,I X;)
Hadron gu . @x
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—— Qiu-Sterman function
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Transverse Spin Observables 1n
Electron-Proton Collisions

> Motivation

* pp collisions are a challenge to reveal the underlying physics

Data already available on most polarization configurations
Ay £{pT,nT} — {m, K} X (HERMES (2013); JLab Hall A (2013))
Ay €n' — {7, K} X (JLabHall A (2015))
Ayyr £p — AT X (HERMES (2014))

Playground to solidify theory (gauge invariance, frame independence,
higher-order corrections)

Explore potential of an EIC to measure them
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»Ayry ¢NT S X

do = H® fo/n13) @ Drje(2)
+ H' ® foyni(2) @ Drje(s)



geer;:nState D. Pitonyak OT m D
Collaboration

»Ayry ¢NT S X

do = H® fo/n13) @ Drje(2)
+ H' ® foyni(2) @ Drje(s)
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(QS function)
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»Ayry ¢NT S X

do = H® fo/n13) @ Drje(2)
+ H' ® foyni(2) @ Drje(s)
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»Ayry ¢NT S X

do = H® fo/n13) @ Drje(2)
+H" @ fo/nt(2) @ Dxryees)
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»Ayry ¢NT S X

do = H® fo/n13) @ Drje(2)
+H" @ fo/nt(2) @ Dxryees)
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dour 1
0 —
i B3P, S' = &L Spy Fiy Z / 28 S+T/z %
™M _h/q dF i (z,z) \[3(5° + 42)
X {— . D2 (FgT(m, T) —x s B
‘ e-p c.m. frame ‘ -~ e
h q ‘'Th/q _ b - — I)su
e —zi— () {(H =% dz ) | 2
3 z 2
z=F\| - - — . —
e e )

I H (2)=H 1L " (2) I (Gamberg, Kang, Metz, DP, Prokudin - PRD 90 (2014))
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0 dUUT . 1
i B3P, S' = &L Spy Fiy Z / 28 S+T/z %
M s dF4, (z,z)\[3(52 + 42
X {— Wﬁ DM(z) (F,?wT(m,a:) —x ngm m))-s(s%su )]
‘ e-p c.m. frame ‘ = oG
h Sh z — T)suU
— + g hi(z) {(Hf/q(z)—z 7 ) 7|
§Z:Z(___) ‘ 1 ss+alc—1u2 d 1 X 524
‘ —  ER] e s R A = A 53]}}
2 T(1
I H(z) = H,; ( )(Z) I (Gamberg, Kang, Metz, DP, Prokudin - PRD 90 (2014))

QCD e.o.m. relation




X PennState D. Pitonyak T m D
Berks Collaboration

douyr 8a? o [ dz 1 1
0 —re O ety =
h &P, 8 €1uw Sp1 Py1 ;eq v 23 8+T/z2 z
7['M h/q ng,T(:l:,:c) §(§2 -+ ’&2)
% {— = P )(FgT(x, T) —& e 573
M;, & dHM 1)\ [ (1 — z)3d
Ly ”’—f hi(a) {(H} -2 dz : £2

o[G0 oo [ g 5]
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Use Sivers function from
0 dUUF _ em S P 1
h 3B, 5’ ELpw Op1 Lhi Z €q z3 S+ T SIDIS (Anselmino, et al. (2009))

Use Collins function
Mh G Ih/a f S tpo-
+—" hi(z rom SIDIS/e*e
R (Anselmino, et al. (2013))
3(8% + (z — 1)42) dz xézﬁ
+ E Wes / F T L =1

~—
Take from pp ﬁt by

Kanazawa, Koike, Metz, DP




'a 3 PennState . m
¥ Borks D. Pitonyak O;I-“ < P
ollaporarton

ANiinp—>7'rX

Fragmentation (Metz and DP - PLB 723 (2013))

x%/d.o.f.=1.03 + Qiu-Sterman (fix through Sivers function)
0-4 T T T T T T T 0 . |- = % o ¥ ¥ o ¥ X £ Jd = [ E £ Lk ® I %= L = Iz = Iz 2 I
| STARO04 T | sTAR 12 n0 e STAR 08 BT o
33<n<4.1 r [ n=368 0.1} <n>=3.3 1 |
0.2} il
=
<

04 02 0 02 04 060402 0 0204 06

XF X|:
| 6=4° rt e
01} 6=23 + -
z | i—+— 3 M
< 9 o Bt ot F--cnwewE
0.1 - :
Total 02 025 03 015 02 025 03

— — NO 3-parton FF (Kanazawa, Koike, Metz, DP - PRD 89(RC) (2014))
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A ine pT a1 X (Gamberg, Kang, Metz, DP, Prokudin - PRD 90 (2014))
N

H
HERMES (2014) \S = 7.25 GeV Tp = —Tp
0.6 T 0.6
P, =1GeV -
05 "t iy 0.5 sum i =015
_____ Hn —— ;n
Al e e et
o 0 S » 04 .
< 03+ i . Rgy < 0.3 - ﬂsu
0.2 —_—— 02
T | = i il 0.1 = L
¢ KR g nog W ¥ g 8T e o
0 T T——T————— o—————— . ............ t ............ + ____________________
ol oomgmmmmmmymRTT Lo . ! o | e potttt oA !
0 01 02 03 04 05 06 1 12 14 16 {8 2
xH Ph, (GeV)

* Theoretical results are above the data, but full NLO calculation most likely needed
(see Hinderer, Schlegel, Vogelsang (2015))

 Jefferson Lab Hall A also has data for a neutron target, but P, is too low
=>» 12 GeV upgrade will give valuable data at higher P;
* This process can help better constrain the 3-parton FF that has been fitted in pp

=» crucial to measure at at EIC
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0.4

P, 1=3GeV

* FEIC is a unique position to measure 4, in

the forward region like in pp collisions

e C(Clearly nonzero signal (~ 10%) predicted

for 7’ for x> 0, like in pp

e Can provide further constraints/tests of the

. mechanism used to describe 4, in pp

(Gamberg, Kang, Metz, DP, Prokudin - PRD 90 (2014))
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+%H"/q(z)[

M

—zu —t
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1
= &1 Spy PyL Z / ]

S+T/z z

h dFY{, T,T -.§ §2+'&2
D/%z)(Fzm,x)—w bns) ) S T)

dz 23

dz £2
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)

3(82 + a2)]
23

(1—xz)34]

dUUT 1
0 —
" BB, S' EJ'WSPJ‘P’LLZ / 28 S+T/z:z;
FZ.

x{— ™M pia(z) (F;Tu, ) - o 2ET 52

‘ e-p c.m. frame ‘ y S
+—"— hi(z) {(I:Ih/q(z) gt )

—zl — 1 dz

(82 + (z — 1)a?)

1]
4 21

+%H"/q(z)[

73 ]*

®dz 1 }/ S [ 250
2 v/q,
Qz/z 2 T BA) s

$2

AD A

0 dUUT
| T
dJPh

p-1t c.m. frame ‘

8ar?
s S E-LIIVSP.LPM_Z /

dFi. (z,:
X {— TL}ZI- Dh/q(z) (F;’.T(x,a:) —g— (.z:,x))[

03 Mh hg(.’l:) {

1 l
28 S+T/z x

Zmin

dz
H"a(2)
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2£3

o aafg] 250 ]
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dour 1
0 _
" BB, S’ EJ'WSPLP"LZ / 28 S—i—T/z:v
™ _h/q y dF i (z,z) \[3(5° + 42)
x{— - B (2) (FFT(:I:, z) — e B
e-p c.m. frame ~ B R
B 9 Sl Wz 1—2x)3u
-~ oy hi(z) {(H (2) — 2z 7 ) &

53 FU (z’ zl) _é.z 53

—TU —
¢ 1 1 -
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z 1 Z 7 Z
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0 Ul Pl
b BP, S T e1u Spy Pry Z /Z 3 S+T/z -
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dour 1
0 _
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p-1t c.m. frame ‘
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dour 1
P)—— = o B
d3 P, S’ = &L Spy Fiy Z / 28 S+T/z T
™™ _h/q i dF i (z,z) \[3(5° + 42)
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e-p c.m. frame ~ B R
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) o
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X {— Z D;""(2) (FFT(.’B,.L‘) = 573

‘ p-rt c.m. frame ‘

{ 452 i [£] -1 2]
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Py d315'h = S' €J.quPJ_ Py, Z / 3 23 S+T/Z T
q 2
x{— "M iy (F:éT(w, SR | e
a dx ! 2t3
‘ e-p c.m. frame ‘ A h/q R —
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O] L FRANMES - )
DEPENDENCE?

x{ /"(z)<F2’1($ 2‘)—“’ éixx)[ 32;11 ]
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p-rt c.m. frame ‘
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> dz | NN
2028 [T o) = HG) + 2210
z 1 2 2z

QCD e.o.m. relation
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>~ d 1 o
2’23/ Bz 2) = H(z) + 2:H Y (2)

2 1
ZlZ Z1

QCD e.o.m. relation

() R

Lorentz Invariance Relation (LIR)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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d (S .
B, O'LO N _ em Z / dil]/ _5 §4+1+ )
dSPh 0

d a2 ~2
« PPuSy !WM (1 —;La) Fo. (z,z) DI(z) (3 ju’“ )

e (*12 (245) (15 o (3))

-Result is the same in any frame

>

-Calculated in both Feynman gauge and lightcone gauge
-Checked EM gauge invariance

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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d R
EhJLOSSN: emz /dx/—(5§ +i4a)
dSPh 0
IPP,S d q 4
X € TheN o M 1—xd— Frr(x,x)Di(z
x

T My B <qu(z) (2(?17?3— §>> (1 ) Hi" M (2) (i;ﬁ)]

-Result is the same in any frame

-Calculated in both Feynman gauge and lightcone gauge
-Checked EM gauge invariance

_ d ) b Ger(z,m) .
Recall the LIR: gr(x) = g1(x) + - —gqyp(x) —2P dxq (z— 2,2 (e.g., Accardi, et al. (2009))

Now we have derived LIRs for twist-3 fragmentation functions
(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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ANiinp—>7'rX

EndotTeg 4 M /
hAOo _)(SP): Qg LVIp PPPhSpZZ/ /dx/dx58+t+ )

d3 P, T abe
<L hi(@) fi(a >{HCZ(Z) iy (1 2k ) 11| 83

1(1 > dz 1 o
Recall: H(2) = —2:H-M )—|—223/z S ()

(Gamberg, Kang, DP, Prokudin, in preparation)
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-Confirms the original work of Kanazawa, Koike,
DP, Metz (2014)

-Encouraged that we will be able to fully describe
A, through the twist-3 fragmentation term even
with the additional constraint from the LIR

(Gamberg, Kang, DP, Prokudin, in preparation)
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> d 1 ~q
223/ i —Hpy(2z,21) = H(2) + ZzHL(l)( ) | QCD e.o.m. relation
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o )
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o° dz 1 A Cx
223/ : —Hpy(2z,21) = H(2) + ZzHL(l)( ) | QCD e.o.m. relation

2 1
le Z1

dz

Z

Z

H 2 [ HP
(2) _ (1 _ zi) Hf(l)(z) _ _/ dzy Hpy(z,21) R

22 (1/z —1/2)2

1 o J 1 L) (L — l))
z 21 z2 zZ1 z <
H(z)= [ d= 2—22 2 2 H gy (21, 22)]
z z1 2 _ _)

<2

Entire result for A, (& A,) can be written in terms of dynamical twist-3 functions
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-A; 1, Ay calculated before
(Kanazawa, Metz, DP, Schlegel - PLB 742 (2014), PLB 744 (2015))

Like with A7, we have:

-Calculated these observables in a general frame

-Derived relevant LIRs (crucial to show frame independence!)

-Shown how all twist-3 observables can be written solely in
terms of dynamical functions

-Calculated in both Feynman gauge and lightcone gauge

-Checked EM gauge invariance

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))



'« 3 PennState
Y Berks

PDF (x,I X,) FF (zl, Z,)
Hadron l i | ) ol
Pol. | ] | %
- dynamical dynamical
SRS
U Hru Hp:;
SRS
AR AR,
T | Frr,Grr | D5y, Grp

D. Pitonyak OT M D
Collaboration

ep observables involving the transverse
spin of hadrons give direct access to
multi-parton correlations

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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Summary and outlook

* TSSAs in proton-proton collisions have been around for close to 40 years, but the
underlying mechanism is still unclear

= Collinear twist-3 fragmentation could finally give us an explanation

= Must continue to find observables to test/understand TSSAs

* Transverse spin observables in lepton-nucleon collisions can test (experimentally
and theoretically) the collinear twist-3 framework and its explanation of TSSAs

= Collinear twist-3 formalism seems to be on sound theoretical ground:
-gauge invariance v/
-Lorentz invariance ¢ (LIRs crucial & newly derived for twist-3 FFs)
-NLO calculation %

= Already have data on several spin configurations (but LO pQCD applicable???)

= EIC would produce hadrons at high enough P to safely apply pQCD
-Phenomenology still at early stage (4, should be ~ 10%)
-Can give direct access to dynamical twist-3 functions (Multi-parton correlations)



